The intervertebral discs (IVDs) (Folia Morphol 2015; 74, 2: 157-168) 
InTroducTIon
The intervertebral discs (IVDs) are roughly cylindrical, fibrocartilaginous, articulating structures connecting the vertebral bodies, and allowing movement (flexion, extension, and rotation) in the otherwise rigid anterior portion of the vertebral column [63] . They are approximately 7 to 10 mm thick and 4 cm in diameter in the lumbar region of the spine [14] , and constitute 1/3 of the vertebral column's height [60] . The IVDs spread loading evenly on the vertebral bodies, regardless of the position of the spine. Macroscopically the IVD can be divided into an outer annulus fibrosus (AF) surrounding a centrally located nucleus pulposus (NP) (Fig. 1) . The endplates surround the IVDs from both the cranial and caudal ends, and separate them from the vertebral bodies and prevent the highly hydrated NP from bulging into the adjacent vertebrae. The endplates also absorb the considerable hydrostatic pressure that results from mechanical loading of the spine [64] .
The aim of this review was to summarise and update the current state of knowledge on the embryology, structure, and biomechanics of the IVD and its endplates. To further translate this into a more clinical context this review demonstrates the impact of ageing and degeneration on the above properties of both the IVD and its endplates.
The developmenT of The human InTerverTebral dIsc
The development of the vertebral column is centred around the mesodermal notochord [72, 75] . It both gives rise to the NP, as well as acts as a "signalling-centre" for cell migration, differentiation and survival [18, 72] . The development of the IVD is depicted on Figure 2 .
The two different parts of the IVD -the AF and the NP arise on two separate developmental pathways. At approximately 30 days human foetal gestation cells of the sclerotome migrate medially from pairs of paraxial somites to condense around the notochord ( Fig. 2A, B ) [37] . The metameric pattern of regions differing in the level of cell condensations gives rise to the AF (more condensed) and the vertebral bodies (less condensed) (Fig. 2C) [72] . Concurrently with AF morphogenesis, the notochord contracts within the forming vertebral body rudiments while simultaneously expanding within the intervertebral The notochord adjacent to pairs of paraxial somites, which contain sclerotome cells; B. Sclerotome cells condense around the notochord; C. Cells adopt a metameric pattern of more condensed (red) and less condensed (pink) regions that give rise to the disc and vertebral bodies, respectively; D. The notochord contracts within the vertebral body rudiments and expands within the future IVD to form the nucleus pulposus; E. Basic structures of the disc are established, and annulus fibrosus (AF) cells adopt orientations and alignments that form the template for the lamellar structure; VB -vertebral body; NP -nucleus pulposus. Figure  adapted from Smith et al. [72] .
regions to form the NP (Fig. 2D) [9] . Simultaneously, cells in the future AF adopt a fibroblastic morphology, and mediated by cytoskeletal actin filaments align and orient to form the template for matrix deposition that later defines the AF angle-ply lamellar structure (Fig. 2E) [34] . Vertebrae ossification commences at the end of the 10 th week of gestation [71] .
The main players in the molecular signalling of IVD embryogenesis are Sonic hedgehog (Shh), Noggin, Pax, Sox and transforming growth factor beta (TGFb). Shh is responsible for regulating skeletal morphogenesis by providing positional information and directing cell differentiation -leading to the definition of the sclerotome [24] . Noggin, expressed by notochordal cells [43] , acts synergistically to Shh, and becomes localised to the developing AF where it remains until birth, potentially acting to block bone morphogenetic protein signalling that originates from the vertebral bodies [22] .
Pax genes encode transcription factors that regulate proliferation, differentiation, apoptosis, cell migration and stem cell maintenance [72] . In particular, Pax expression is important for specifying and maintaining tissue boundaries [28] , and as such might be responsible for delineating the more and less condensed regions of cells that will give rise to the IVDs and vertebral bodies, respectively [73] . Pax1 and Pax9 genes were specifically implicated in the development of the IVD, as in their absence, both IVDs and vertebral bodies fail to develop, being substituted by an irregular cartilaginous rod [59] .
Among the Sox gene family Sox5, Sox6 and Sox9 are specifically implicated in chondrogenesis [68] , and thus are important for IVD development. Sox5 and Sox6 are expressed in both sclerotome-derived and notochordal cells [74] . Sox9 is expressed in all primordial cartilage during embryogenesis, coincident with collagen II expression, including in the sclerotome and notochord [10] .
TGFb-3 signalling is important for regulating cell proliferation and differentiation, and extracellular matrix production during skeletal development, with different TGFb-3 isoforms exhibiting tissue-specific expression profiles [46] . TGFb-3 has been shown to be strongly localised to the perichordal condensations that give rise to the AF and vertebral bodies. As condensation advances, this expression pattern becomes localised to the IVD anlagen, showing clear demarcation with respect to the adjacent vertebral bodies [58] .
sTrucTure -anaTomy, hIsTology and bIochemIsTry of The InTerverTebral dIsc and ITs endplaTes
Nucleus pulposus
The centrally located NP consists of randomly arranged type II collagen fibres, and radially placed elastin fibres which are embedded in a highly hydrated aggrecan-containing gel [38] . The proteoglycan to collagen ratio is approximately 27:1 [19] . These large quantities of aggrecan located along chains of hyaluronan carry a fixed negative charge and generate an osmotic swelling pressure within the irregular meshwork of collagen type II fibrils [72] . Dispersed, at a low density (approximately 3000-5000/mm 3 ) are chondrocyte-like cells [41, 60] . At least two distinct cell phenotypes can be identified in the NP -notochordal cells (which disappear after the third year of life) [41] , and chondrocyte-like cells -distinctly different from articular chondrocytes [47] . Recently Sakai et al. [67] described a third type of NP cells with properties similar to those of mesenchymal stem cells. However, due to their characteristics, these cells can be in fact notochordal cells [19] .
Cells of the NP are highly specialised and survive in a very hypoxic environment (1% of O 2 ). Hypoxia inducible transcription factors-1 and -2, that are key cellular regulators of the hypoxic response, were found to be constitutively active in NP cells [61] . This activity might be partly responsible for the large production of aggrecan by NP-resident cells, independent of oxygen conditions [5] .
Recent studies have pointed out the importance of notochordal cells in the survival of chondrocyte-like cells. Erwin et al. [26] have shown that the secretome of notochordal cells had an anti-apoptotic effect on chondrocyte-like cells, through inhibition of apoptotic caspases-3 and -9, and favoured the expression of aggrecan and type II collagen. Thus, the gradual disappearance of notochordal cells during skeletal maturation and aging constitutes a primary event initiating NP degeneration.
Outside the NP is the AF -the boundary between these two regions being very distinct in individuals < 10 years of age [60] .
Annulus fibrosus
The AF can be divided into two distinct areasthe inner and the outer AF. The inner AF, which is also known as the transition zone, contains poorly organised extracellular matrix composed of type II collagen, proteoglycans, and water. In contrast, the outer AF is highly organised and is rich in type I collagen, with undetectable levels of type II collagen and proteoglycans, and higher resistance to tension [19] .
A typical lumbar AF is made up of 15-25 concentric lamellae, with type I collagen fibres passing obliquely (at approximately 60° to the vertical axis) between vertebral bodies, with orientation of the fibres being reversed in successive lamellae (Fig. 1B) [42] (however type II collagen can also be produced by AF cells) [17] . These lamellae originate as individual discrete bundles of collagen fibres, but their organisation becomes increasingly complex with more bifurcation and interdigitations as the individual ages, and the lamellae increase in thickness [42] . Elastin fibres, constituting 2% of the AF dry weight, pass radially from one lamella to the next, binding them together, and possibly helping the IVD return to its original arrangement following bending [91] . Additionally, the lamellae are interconnected by lubricin and type VI collagen [45, 70] . Lubricin, known for its lubricant role within diarthrodial joints, is probably involved in the reduction of friction between adjacent lamellae.
The morphology of AF cells (approximately 9000 cells/mm 3 ) changes from the outer to the inner part, from thin, elongated (parallel to the collagen fibres) and fibroblast-like to more oval, respectively. AF cells, similar to NP cells, can have several long, thin cytoplasmic projections, which may be more than 30 mm long. The function of these projections remains unknown, but it is speculated that they act as sensors of mechanical strain within the tissue [25] .
Endplates
Each IVD is bordered at the cranial and caudal ends by endplates which separate the vertebral bone from the IVD itself ( Fig. 3 ) and prevent the highly hydrated nucleus from bulging into the adjacent vertebrae. They are identifiable from an early embryological stage and possess an osseous as well as a hyaline cartilage component [78] . The endplates are usually less than 1 mm thick (thinner in the centre than on the outside) and composed of hyaline cartilage [60] . Type II collagen fibres within the endplate run horizontal and parallel to the vertebral bodies, with the fibres continuing into the IVD (Fig. 3 ) [64] . Additionally, type X collagen is thought to be the most important in the endplate since it is a marker of hypertrophic chondrocytes and is involved in calcification [6] .
Proteoglycan molecules within the endplate matrix are necessary for the control of solute transport and maintenance of water content throughout the IVD. Depletion of proteoglycans from the endplate cartilage is associated with loss of proteoglycans from the NP [65] . This translates further that proteoglycan loss would ultimately lead to degeneration of the IVD [56] . Alterations in IVD biochemistry, particularly in the endplate, during the skeletal growth may also be involved in the development of scoliosis [7] .
In regards to cell type only chondrocytes constitute the endplates, and produce an extracellular matrix rich in type II collagen and proteoglycans (1:2 ratio -similar to articular cartilage), with water content of 50-60% [64] .
The endplates also contain a network of microscopic blood vessels that are responsible for nutritional intake during development and growth of IVDs (Fig. 4A) . Metabolites diffuse through pores present in the growth plates based on their size and charge. Only positive ions (e.g., sodium, calcium) or neutral molecules, such as glucose and oxygen, can diffuse [65] . The network mostly involutes around the time of skeletal maturity [31] .
vascular supply and nuTrITIon of The InTerverTebral dIsc and ITs endplaTes
Blood with nutrients reaches the IVD through external (present around the outer AF) and endplate capillaries that are branches of segmental arteries, which in turn branch off the aorta (Fig. 5) [60] . The blood drains to the subchondral venous network or into the veins of the marrow spaces of the vertebral bodies [21] . Blood flow in the region of the endplates is not entirely passive -muscarinic receptors have been identified, and they can probably influence disc nutrition under altered physiological conditions [86] .
The IVD is the largest avascular structure in the human body, with some cells being up to 8 mm from the nearest direct blood supply [82] . Essential nutrients (e.g. oxygen, glucose, amino acids etc.) are supplied to the IVD from its peripheries (Fig. 5) . Metabolic waste products are removed from the IVD via a reverse route [35] . This causes variations in both oxygen concentration and pH throughout the different zones of the IVD [35] . Low oxygen tension in the centre of the IVD leads to anaerobic metabolism, resulting in a high concentration of lactic acid and low pH [82] . In vitro experiments show that a chronic lack of oxygen causes NP cells to become quiescent, while a chronic lack of glucose leads to their death [36] .
In vitro studies using small dye molecules have demonstrated that the lateral margins of the endplate near the vertebral rim are relatively impermeable compared with the central portion or the entire AF [49] . It was shown that endplate permeability is caused by microscopic blood vessels, ending in capillary buds (loop-like structures), that penetrate the endplate via marrow contact channels [12, 49] . It is through this route that the majority (approximately 80%) of nutrients are transported to the IVD [43] . However, diffusion from the capillary buds to the IVD is purely dependent on the size and ionic charge of the molecules involved. The net negative charge of the NP conferred by the high concentration of proteoglycans permits passage of positive ions such as sodium and calcium and uncharged molecules such as glucose and oxygen, while impeding movement of negatively charged ions such as sulphate and chloride and macromolecules such as immunoglobulins and enzymes [35, 48] .
In humans, during the early postnatal years, blood vessels that have penetrated the AF and cartilage endplates, from as early as 35 weeks gestation, begin to recede, eventually leaving the IVD as a completely avascular structure [50] , with only a low number of vessels present in the endplate. Possible reasons for vascular regression include decreased nutrient requirements following the initial period of rapid growth or, more likely, the inability of the circulatory pressure to compete with large physiological stresses in the surrounding extracellular matrix [72] . What is more, the paths that the blood vessels followed never fully remodel and leave translamellar bridging elements [45] , whose function is as of yet unknown. Probably they respond to radial and shear deformations [72] . However, it is unclear whether this influence would assist or impair the function of the IVD. In the foetus and in infants, the subchondral plate is also penetrated by regularly spaced nutrient canals similar to those seen in other growth cartilages [89] . These disappear in childhood, leaving residual "weak spots" that may later lead to Schmorl node formation and even later, to sclerosis of the subchondral plate [16] .
InnervaTIon of The InTerverTebral dIsc
Under physiological conditions the human IVD is poorly innervated -only by sensory and sympathetic perivascular nerve fibres, found mostly in the outer zone of the AF, accompanying blood vessels or travelling independently [29, 60] . Most of the fibres innervating the IVD are nociceptive, and to a lesser extent proprioceptive. A small number of mechanoreceptors are also present in the IVD in its 2-3 outer AF lamellae, most commonly having the morphology of Golgi tendon organs, a few Ruffini receptors, and even fewer Pacinian corpuscles [62] . The adult vertebral endplate is fully aneural [57] .
The IVD is innervated by branches of the sinuvertebral nerve, by nerves derived from the ventral rami of spinal nerves or by nerves derived from the grey rami communicantes [77] . Intervertebral discs also receive innervation from two dense nerve interconnected plexuses located in the anterior and posterior longitudinal ligaments (Fig. 6) [30, 76] . It is agreed that lumbar IVDs are innervated segmentarily [8] . The innervating fibres arise primarily from small dorsal root ganglions which are classified based on their stimulus-response function and also based on their neurochemistry and connectivity [29] .
Healthy IVDs are innervated only in the region of the external lamellae of the AF (Fig. 7A) [29, 57, 77, 90] . The fibres responsible for this innervation pattern can be either associated with blood vessels or travel independently, and are positive for substances such as acetylcholinesterase, neurofilament protein, substance P, calcitonin gene-related peptide, vasoactive intestinal polypeptide, neuropeptide Y, C-flanking peptide and synaptophysin [20, 55] .
With progressive IVD degeneration the nerves grow into the inner part of the AF, and sometimes even to the NP. These are mostly nociceptive fibres that may accompany ingrowing blood vessels (Fig. 7B) . The immunohistochemical profile of nerve fibres and neurons innervating pathological IVDs is identical to that reported in normal conditions. Thus, the differences in the pattern of IVD innervation in normal conditions in comparison with degenerated conditions are quantitative rather than qualitative [20, 44, 77] . Additionally, together with the hyperinnervation of the IVD, there is increased nerve growth factor expression [40] , as well as an increase in the number of Golgi-tendon organ-like structures such as Ruffini's and Pacinian corpuscles [20, 62] . There is also evidence that sympathetic afferents are also increased in degenerating IVDs and that they play a significant role in lower back pain [29] .
bIomechanIcs of The InTerverTebral dIsc and ITs endplaTe
The most important function of the IVD is mechanical -to transfer loads, dissipate energy, and allow movement in the vertebral column. Both the NP and AF act synergistically to distribute and transmit loads between the vertebral bodies [51] . During compression hydrostatic pressure is generated within the NP which is constrained peripherally by the AF. In turn in the lamellar structure of the AF circumferential tensile stresses are generated [51] . The NP has a high water content (because of aggrecan which has a high anionic glycosaminoglycan content and provides appropriate osmotic properties [87] ), which makes it act almost like fluid. This entire "compression-coping" mechanism is additionally supported by the inner AF, which is rich in proteoglycans (Fig. 8) [85] . The angle-ply structure and nonlinear properties of the AF facilitate joint mobility and stability in multiple modalities, including bending, rotation, and combinations of both [32, 69] .
With increasing age, IVD water content decreases, especially in the NP. Most of the AF then acts like a fibrous solid band to resist compression directly. In physically disrupted discs, regions of fibrous tissue resist mechanical loading in a haphazard manner, and the hydrostatic balance of the NP is reduced or absent [4] .
The endplates also have to be noted for their ability to absorb the considerable hydrostatic pressure that results from mechanical loading of the spine [48] .
InTerverTebral dIsc ageIng and degeneraTIon
To begin with, the most important thing is to distinguish between physiological ageing, healing and remodelling and pathological degeneration of the IVD and its endplate. Adams and Roughely [4] proposed a definition of IVD degeneration, based on IVD loss of structural integrity -"excessive mechanical loading causes an IVD to degenerate by disrupting its structure and precipitating a cascade of nonreversible cell-mediated responses leading to further disruption. A degenerated IVD is one with structural failure combined with accelerated or advanced signs of aging.".
The following sections will review the basic changes related to IVD and endplate ageing and degeneration. Schematic representation of the innervation of normal (A) and degenerated (B) intervertebral discs (IVDs), as well as the origin of sensory nerve fibres that innervate them. In the normal IVD, innervation is restricted to the outer layers of the annulus fibrosus and consists of small nerve fibres (orange and green) and some large fibres forming mechanoreceptors (purple). In the degenerated IVD, nerve fibres are higher in number and they enter the inner layers of the annulus fibrosus and even the nucleus pulposus. Furthermore, in these conditions, the densities of mechanoreceptors in the superficial layers of IVD are increased. Dorsal root ganglia contain different types of sensory neurons that project to the IVD and to the dorsal horn of the spinal cord. Thin myelinated Ad fibers and unmyelinated C fibers arise from small neurons (orange and green), which, in the spinal cord, synapse in lamina I and II and mediate nociception. The myelinated Ab fibers (purple) arise from intermediate neurons. At the periphery they form slowly and rapidly adapting low-threshold mechanoreceptors, and synapse in lamina III and IV in the dorsal horn of the spinal cord. They mediate sensations of touch, pressure and vibration. Most of the sensory nerve fibers innervating the IVD are Ad or C fibers. They originate from small peptidergic neurons expressing TrkA/TrkB (the receptor for nerve growth factor/brain--derived neurotrophic factor; orange) or non-peptidergic neurons expressing the common signalling receptor for glial cell-derived neurotrophic factor family of neurotrophic factors (Ret) (orange). Neurons in dorsal root ganglia can be differentiated based on their pattern of expression of receptors for neurotrophic factors, pattern of expression of different ion channels primarily of the degenerin ⁄ epithelial sodium channels (DEG/ /ENaCs) (ENaCa, b and c; acid-sensing ion channel (ASIC)1, ASIC2 and ASIC3) and transient receptor potential (TRP) (TRPA1, TRPC1, TRPC6 and TRPV1-4) families, and peptide content; CGRP -calcitonin gene-related peptide; GFRa1 and GFRa3 -glial cell-line-derived neurotrophic receptor subtypes a1 and a3; P2X3 -ATP-gated ion channel subtype P2X3; SP -substance P; TMP -thiamine monophosphatase; VR1 -vanilloid receptor subtype 1. Figure adapted from García-Cosamalón et al. [29] . Figure 8 . Intervertebral disc (IVD) "compression-coping" mechanisms. The nucleus pulposus is depicted as containing proteoglycan aggregates entrapped in a collagen fibre network. Proteoglycan aggregates are depicted as a central hyaluronan molecule (red) substituted with aggrecan molecules possessing a central core protein (purple) and sulphated glycosaminoglycan side chains (light green); A. State of equilibrium -nucleus pulposus is rich in water due to the high anionic glycosaminoglycan content. This is balanced by tensile forces in the collagen network; B. Compressive forces transmitted through the spine to the IVD lead to part of the water being forced out of the IVD. This increases aggrecan concentration and subsequently IVD swelling potential, thus resisting further compression. On removal of the compressive load, disc height is restored as water is drawn back into the tissue to restore the original equilibrium conditions. Any parameter that decreases proteoglycan concentration or weakens the collagen network will be detrimental to disc function.
Ageing of the intervertebral disc
During growth and skeletal maturation, the boundary between the AF and the NP becomes less obvious, and with increasing age the NP generally becomes more fibrotic and less gel-like [15] . The NP tends to condense into several fibrous lumps, separated from each other and from the cartilage endplate by softer material [4] . Proteoglycan fragmentation starts during childhood [15] and with increasing age, the overall proteoglycan and water content of the IVD decreases, especially in the NP [4] . In turn, the collagen content increases, with type I collagen replacing type II, and the AF "engulfing" the NP, and making the IVD stiffer [4] . Interestingly, as long as the detached proteoglycans remain inside the IVD (encapsulated by the AF and the endplates), they still fulfil a functional role similar to that of the intact proteoglycans [2] . Reduced matrix turnover in older discs enables collagen molecules and fibrils to become increasingly cross-linked with each other, and existing cross-links become more stable [23] .
Since early childhood, the blood supply to the IVD and the endplate decreases [13] , together with cell density [41] , leading to an increased incidence of structural defects -mostly in the AF [4] . Changes progress gradually, affecting first the endplates, then the NP, and finally the AF [13] . However, these changes might simply reflect the necessary adaptations to increased mechanical loading at the onset of ambulation, and reduced metabolite transport in a growing IVD.
The microstructural clefts and tears that appear increasingly during growth may possibly lead to more extensive disruption in later life, but so long as they remain small, they appear to have little effect on the internal mechanical function of the IVD [3] .
As mentioned earlier, with increasing age, the hydrostatic NP becomes smaller and decompressed. Thus more of the compressive load-bearing is taken by the AF [4] . Disc height does not show a major decrease with age [27] , although degenerative changes can cause the AF to collapse in older IVDs [4] .
It is also important to distinguish simple injury from IVD degeneration. AF tears are not remodelled as in bone, presumably because the sparse cell population is unable to break down the large collagen fibre bundles of the AF and replace them with new ones [66] . Collagen turnover time in articular cartilage is approximately 100 years [83] and could be even longer in the IVD. Proteoglycan turnover is faster, possibly 20 years [66] . Injuries that affect the inner AF or the endplate decompress the NP [81] and healing processes are then overtaken by severe degenerative changes [4] . It is important to note that age-related IVD changes are not associated with pain [11] .
Degeneration of the intervertebral disc
Adams and Dolan [1] have brought to light that there exist two distinct types of IVD degeneration -"endplate-driven" involving endplate defects and inward collapse of the AF and "annulus-driven" involving a radial fissure and/or an IVD prolapse. The structural defects which initiate the two processes both act to decompress the NP, making it less likely that the other defect could occur subsequently. The first type of IVD degeneration is characterised by high heritability, mostly affects IVDs in the upper lumbar and thoracic spine, often starts to develop before 30 years of age, usually leads to moderate back pain, and is associated with compressive injuries. The second type has a low heritability, mostly affects IVDs in the lower lumbar spine, develops progressively after 30 years of age, usually leads to severe back pain and sciatica, and is associated with repetitive bending and lifting.
Individual genes associated with IVD degeneration include those for type IX collagen, aggrecan, vitamin D receptor, alkaline phosphatase, matrix metalloproteinase (MMP)-3, and cartilage intermediate layer protein [1, 4, 39, 54, 80, 84] . The products of these genes probably affect the strength of skeletal tissues, and their systemic effects may explain why IVD degeneration is more prevalent in those with osteoarthritis [33] .
Endplate changes with ageing and degeneration
With ageing the cartilaginous part of the endplate diminishes in thickness and undergoes remodelling, leading to cartilage calcification or formation of true bone [52] . Which of the two actually occur remains unresolved. This process impedes nutrient transport via the endplate contact channels [12, 79] , not only by physically obstructing them but also through blood vessel occlusion (Fig. 4B) [48] . It has been shown, both in vitro and in vivo, that calcification found in scoliotic IVDs can impede transport of even small molecules [65, 82] .
In some cases the endplate undergoes revascularisation -in response to both physiological [53] and pathological stimuli [48] . The creation of blood vessels in the endplate occurs by activation of MMPs which are normally maintained in latent form by tissue inhibitors [88] .
Morphological changes are also present in the endplates in association with IVD degeneration, and include fissures and clefts along the length of the endplate in the horizontal plane with occasional chondrocyte death [48] .
conclusIons
The IVD together with its endplates forms an apparently simple structure, which at a closer look reveals its complexity -largely still unknown to us. Though recent years have brought about considerable research advancements in the field of IVD degeneration, we are still not yet sure where ageing ends and degeneration begins. However, there are multiple reasons to be optimistic, as new insights into the process of IVD and endplate degeneration are made every day, and we are always ever closer to unravelling the mysteries of back pain. All co-authors confirm the above-mentioned contributions and consent to the fact that this study is a part of Krzysztof A. Tomaszewski PhD thesis. The co-authors confirm that Krzysztof A. Tomaszewski has contributed significantly (80% in total) to every part of this study, as stated above.
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